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Effectiveness of Haptic Sensation
for the Evaluation of Virtual
Prototypes
Virtual reality techniques provide a unique new way to interact with three-dimensional
digital objects. Virtual prototyping refers to the use of virtual reality to obtain evaluations
of designs while they are still in digital form before physical prototypes are built. While
the state-of-the-art in virtual reality relies mainly on the use of stereo viewing and audi-
tory feedback, commercial haptic devices have recently become available that can be
integrated into the virtual environment to provide force feedback to the user. This paper
outlines a study that was performed to determine whether the addition of force feedback
to the virtual prototyping task improved the ability of the participants to make design
decisions. Seventy-six people participated in the study. The specific task involved com-
paring the location and movement of two virtual parking brakes located in the virtual
cockpit of an automobile. The results indicate that the addition of force feedback to the
virtual environment did not increase the accuracy of the participants’ answers, but it did
allow them to complete the task in a shorter time. This paper describes the purpose,
methods, and results of the study. @DOI: 10.1115/1.1384566#
Introduction
Virtual reality ~VR! devices enable users to experience virtual
environments where interaction with three-dimensional digital
models becomes similar to interaction with real objects. Because
of this feature, VR devices are increasingly being used for virtual
prototyping. This could potentially have a major impact on the
efficiency of the engineering design process. Engineers, designers,
and customers can all use VR to evaluate designs before costly
physical prototypes are built. This will facilitate design decision
making early in the design process resulting in reduced product
development costs.
While VR relies mainly on head tracked stereo viewing and
audio feedback, recent developments in the field of haptic com-
puter devices have fostered the use of force feedback in virtual
environments. Haptic devices provide users with a sense of force
that improves their sense of immersion in the virtual environment.
This is believed to increase the user’s ability to evaluate virtual
models, designs, and environments. Repperger et al. @1# explain
that even though the human ability to process visual information
is 10 000 times faster than the ability to process haptic informa-
tion, haptic senses still provide a very efficient method of infor-
mation gathering for humans. Hasser and Massie @2# assert that
haptic devices can be effectively used in industry, science, medi-
cine, education, and entertainment to reduce training time, reduce
errors and completion time, and increase the sense of immersion
in virtual environments.
Several studies have evaluated the effect of haptic sensation on
the interaction between humans and the surrounding world. Hu-
man haptic perception of real objects is distorted and affected by
characteristic illusions @3#. People consistently misperceive the
shape of real objects that they touch @4#. Lederman and Klatzky
@5# investigated the importance of haptic information in relation to
shape recognition and evaluation of shape dimensions. Simple
shapes could be quickly recognized by simple grasp, but dimen-
sion evaluation required a much longer time. This study focuses
on the ability of a user to determine changes in position and ori-
entation of a mechanism in the interior of a car, not necessarily
the shape of an object.
In 1991, Hannaford et al. @6# investigated the potential of force
feedback for improving teleoperation performance. In the study,
force feedback did not improve the accuracy and precision of the
positioning task, but force feedback allowed the user to avoid
placing damaging forces on the experimental object, which was
not possible without the haptic device. The study also emphasized
the necessity of multiple measures for performance.
We were also interested in whether people preferred the haptic
interface. Klatzky et al. @7# addressed issues of how people select
the option of haptic exploration. They found that haptic informa-
tion was mostly desired when the object’s material properties
were questioned. People tend to rely on visual information when
they need to encode the geometric properties of an object. Haptic
exploration was invoked only when visual efforts were exhausted
or to increase confidence about visually based decisions.
The goal of this study was to evaluate how a haptic device
affects the ability of a person to make design decisions based on
virtual prototypes. The study evaluated how the haptic device af-
fected participant design evaluation time, accuracy, and precision.
The study also evaluated participants’ preference for a haptic or
nonhaptic virtual environment in which to perform the task pre-
sented. The specific task involved evaluation of position and range
of motion of a virtual hand brake in a virtual automotive cockpit.
Methods and Procedures
Two separate groups of participants performed similar mecha-
nism design evaluation tasks under two different treatments.1 Both
groups used the PHANToM™ device as an interface with the
virtual geometry. One group performed the tasks with the force
feedback activated ~the haptic treatment group! and the other
group performed the tasks with the force feedback turned off ~the
nonhaptic treatment group!. This provided for the same physical
interface to interact with the virtual models and the only differ-
ence was the presence or absence of the force feedback to the
Contributed by the Engineering Simulation & Visualization Committee for pub-
lication in the JOURNAL OF COMPUTING AND INFORMATION SCIENCE IN ENGI-
NEERING. Manuscript received July 2000; revised April 2001. Associate Editor: S.
Jayaraman.
1The word ‘‘treatment’’ refers to the two main experimental setups which are
compared in this study, i.e., haptic and nonhaptic.
Journal of Computing and Information Science in Engineering JUNE 2001, Vol. 1 Õ 123
Copyright © 2001 by ASME
Downloaded From: http://computingengineering.asmedigitalcollection.asme.org/ on 02/24/2014 Terms of Use: http://asme.org/terms
user. The data from the two groups were analyzed in order to
determine if haptic and nonhaptic treatments affected participants’
performance.
Task Overview. Each participant went through a training ses-
sion, four trials, and an alternative treatment experience. In each
trial, a participant was asked to detect and estimate differences
between two alternative designs of a parking brake mechanism
~Fig. 1!. Each trial had a unique set of differences between the
alternative mechanism designs in terms of location and motion.
Table 1 shows the type of design differences that existed between
the alternative designs of the parking brake for each trial. The first
design in each trial was identified as the base design. Participants
were asked to evaluate changes in the second design ~modified
design! as compared to the base design.
Following four trials, participants were able to experience the
other treatment to ascertain their preference for either the haptic or
nonhaptic treatments. This exercise was not timed or recorded, but
treated as an exploratory trial session with no specific task
assignment.
Before the experiment began, participants filled out a survey
form concerning general background information. During the
study, participants completed a questionnaire form immediately
after each trial. The researcher kept track of the amount of time
that each participant required for a single design evaluation on a
separate form.
Participants. Ninety-two students and employees of Iowa
State University ~ISU! volunteered to participate in the study.
Data from 16 participants were disregarded due to incomplete
reports or incomplete pilot study sessions. Therefore study con-
clusions were based on a total of 76 surveys. There were 38 par-
ticipants in each group. To ensure that each group had a similar
representation of participants, groups were compared in terms of
age representation, gender representation, quality of vision, level
of education, experience with computers, and how comfortable a
participant was with learning new applications. The analysis of
variance ~ANOVA! showed that each group had a similar repre-
sentation of participants based on these criteria. The diversity in
age amongst all participants ranged from 16 to 43 years old with
an average age of 24.2 years ~standard deviation55.3!. Twenty-
two percent of all participants were female and 80 percent of the
participants were students.
Hardware and Software. This study was arranged in a com-
puter laboratory in the Virtual Reality Applications Center at Iowa
State University. A Silicon Graphics ~SGI! Octane computer with
two R10000 processors and 256 MB memory provided computa-
tional power for the study. Two SGI color display monitors model
CM2187ME were used for mono visual display of the three-
dimensional ~3D! virtual environment. One monitor was used by
the study participants. The other monitor was used by the re-
searcher to manage study trials. The head position of the partici-
pant was not tracked. The PHANToM™ ~model 1.5! three degree-
of-freedom haptic device, which is a product of SensAble
Technologies, was used to provide haptic feedback with the vir-
tual environment. Participants sat in front of a monitor and used
the PHANToM™ to investigate the virtual mechanism designs
~Fig. 2!. In the nonhaptic trials the PHANToM™ controlled a
virtual 3D cursor on the screen with no haptic feedback to the
user. In the haptic trials, the PHANToM™ provided haptic feed-
back to the user whenever the virtual 3D cursor moved the park-
ing brake.
The software used in the study was a proprietary product of the
Ford Motor Company. The software allowed presentation of a
simplified 3D car interior design and predefined interaction with
digital images. Computer-aided design models of the car interior
were initially loaded into the software. Different parts of the car
interior design could be modified, relocated, and tested for motion
functionality. The software and the haptic device allowed us to
simulate the motion of a parking brake that was restricted to a
defined path. While holding onto the PHANToM pen, the user
moved the virtual cursor in the vicinity of the end of the parking
brake. When the virtual cursor intersected with the end of the
parking brake, the color of the end of the parking brake would
change to indicate collision of the cursor and the digital parking
Fig. 1 Image of virtual environment
Fig. 2 Computer display and haptic device arrangement used
for the study
Table 1 Design differences between the modified and base
virtual mechanisms in each trial linear values are in inches;
angular values are in degrees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brake. The user could then click and hold a button on the
PHANToM input device to select the parking brake. As the user
moved his/her hand, the visual display of the parking brake ro-
tated around one end to simulate the motion of a real parking
brake. The difference between the two treatments was in what
each group felt as they moved the parking brake. Participants in
the nonhaptic group could move their hand without restriction and
as long as they moved ‘‘up,’’ the visual display of the parking
brake would rotate around its end. The haptic group was confined
to moving their hand along the path that defined the rotation of the
virtual hand brake because the motors of the PHANToM re-
stricted their hand motion to a specific predefined path. This is the
real key to the study. Without haptics, the physical motion is not
restricted and therefore does not match the visual display. With
haptics, the physical motion is restricted and therefore matches the
visual display.
Figure 1 shows a picture of the computer screen that each par-
ticipant saw during the study trials. The view of the main window
simulated the point of view of a driver for each participant.
Data Collection. Four sets of data were collected during the
experiment to address a variety of research questions.
The first set of data collected was the percentage of correctly
detected differences between the two alternative mechanism de-
signs. The information gathered allowed an evaluation of which
treatment resulted in the greatest number of successful detection
of differences between the alternative designs.
The second set of data collected concerned the precision of
estimations for differences between alternative mechanism de-
signs. If a participant detected a difference between alternative
designs, then he/she was asked to estimate the amount of the
detected difference. Later, the estimated values were compared
with actual values and the error of each estimation was obtained.
This information allowed evaluation of which treatment group had
estimations that deviated least from the actual values.
The third set of data collected was the time that each participant
required to evaluate a mechanism design. Participants were not
restricted in the amount of time that they could spend for a design
evaluation. This information allowed analysis of how alternative
treatments affected the time required for design evaluation.
The fourth set of data collected evaluated the participants’ treat-
ment preference. After completion of the four trials, each partici-
pant was given the opportunity to try the alternative treatment.
Participants were asked to record their treatment preference for
performing a variety of design evaluation tasks. This information
allowed evaluation of participants’ preference for each treatment.
These data explored the subjectivity of human preference.
Results
The data were analyzed using ANOVA and F tests. The data
were defined to be significantly different if p,0.05. The results
are presented in the next four sections.
Percentage Correctly Detected Differences Between Two
Alternative Mechanism Designs. No significant differences in
the percentage correct answers were found between the two treat-
ments in all groupings considered. The average percentage correct
answers and the standard errors ~SE! for the treatment groups are
shown in Table 2.
Accuracy and Precision of Estimations for Differences Be-
tween Alternative Designs. Accuracy refers to how close mea-
sured values are to the true value. Table 3 shows that accuracy of
the nonhaptic group was significantly better for the estimation of
location differences in the up direction ~question 2, trial 1!. Ac-
curacy of the haptic group was significantly better for the estima-
tion of location differences in forward–rearward directions ~ques-
tion 3! using data from four trials combined. Other analyses
did not show significant differences in accuracy between the
treatments.
Table 2 Percentage correct answers for a combination of
questions
Table 3 Estimation errors accuracy
Table 4 Estimation errors precision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Precision is a reflection of the variance among the estimated
data. Table 4 shows that out of 25 comparisons, the haptic group
estimated values with more precision in nine cases, whereas the
nonhaptic group showed more precision in only three cases.
Time Required by Participants to Evaluate a Mechanism
Design. Table 5 presents the time required for design evaluation
for each treatment group. Figures 3 and 4 show the data distribu-
tion for the design evaluation times of each treatment group. The
analyses showed that in all cases the design evaluation time of the
haptic group was significantly less than the time required by the
nonhaptic group.
Participants’ Treatment Preference. Figures 5 and 6 show
the distribution of the data related to the treatment preferences of
all participants combined. The majority of the haptic group par-
ticipants preferred the haptic treatment for design evaluation
tasks. Also, the majority of the nonhaptic group preferred the
haptic treatment as well.
Effect of Learning. Data presented in Fig. 3 suggest that
there was an effect of learning amongst participants in both
groups. However, the learning effect could not be evaluated in this
experiment because each trial had a unique combination of differ-
ences between designs, and the sequence of trials was consistent
for each participant. It is possible that some combinations of de-
sign differences were more challenging to distinguish and esti-
mate than other combinations.
Future human factor studies could randomize the sequence of
trials in order to counterbalance for learning so it would be pos-
sible to consider learning as a factor with other variables in a
study.
Discussion
The following discussion highlights observations that may have
affected the variance in the data samples, which was critical in
defining differences between alternative treatments.
Fig. 3 Average time required for design evaluation sequence
of four trials
Fig. 4 Average time required for design evaluation four trials
combined range bars indicate standard error
Fig. 5 Response of all participants to the treatment preference
questions
Fig. 6 Combined participants’ preference for each treatment
Table 5 Time required for design evaluation
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Variation in Participants. The time required to examine
each mechanism was one of the variables investigated in the
study. Each person progressed through the trials with a different
pattern in how much time he/she required for design evaluation
and these patterns did not depend on the treatment. There were
four major types of participants in terms of time that they required
for design evaluation.
The first type of participant started slow and required less time
from trial to trial. The second type of participant required a very
short amount of time in the first trials and was willing to spend
more time during the last trials. The third type of participant had
consistent time across all trials. The fourth type of participant had
inconsistent time across all trials. The differences observed here
highlight the need for this study to record data from a large num-
ber of participants in order to produce reliable results.
The participant group was weighted heavily by students and
also by males. This could be a contributing factor to the over-
whelming acceptance of the haptic interface. Male college stu-
dents might be more acceptable of new technology than the gen-
eral public. This should be taken into account in further studies.
Hand Motion Base. The variation in participant responses
related to detection and estimation of the linear and angular dif-
ferences may be attributed to the study setup and the mechanics of
the human body. When people write, they often rest their wrist on
a desk. The wrist, in this case, is the base for the writing motion.
Because of the short distance from the base to the final motion
point of the hand and the simplicity of the human linkage mecha-
nism ~palm with solidly fixed fingers!, a person can produce a
very precise motion while writing.
In this study, the participant’s chair was supposed to simulate a
car seat without armrests. This prevented the participant from rest-
ing his/her hand on anything in the car interior. In the study, the
base for the motion was established at the person’s hipbone where
he/she was connected to the chair. There is a big difference be-
tween the wrist base for hand motion and the hipbone base for
hand motion. The short distance and linkage simplicity of the
wrist base was replaced in this study by the long distance of a
person’s hand and body, which made it even more complex by the
joints in the elbow, shoulder, collarbone, and spine. This could
account for some of the variance in the responses.
Many participants naturally attempted to simplify the linkage
mechanism of their bodies and to shorten the distance between
their hand motion base and the motion point. Some people at-
tempted to push their hands towards their bodies, so that the el-
bow joint was firmly established next to the hipbone. Several
other participants attempted to perform the simplification for their
position of the hand motion base by moving their right leg to the
side and resting their right hand on this leg. Some participants
tried to stiffen their bodies and hands using muscles.
These attempts to simplify the task by improving the location of
the hand motion base and simplifying the linkage of body mecha-
nism were difficult to regulate or restrict because people claimed
that these positions felt the most natural. The variety of locations
for the base of motion could have affected the participants’ per-
formance and led to increased variation for both groups.
Magnitude of Differences. The design of the study assumed
that a person in a real situation ~not computer generated! could
detect differences in location as small as 0.875 in. and 8.59 deg in
the setting established for the study. It is unclear if 0.875 in. for
linear values and 8.59 deg for angular values were large enough
for the setting. The fact that participants were asked to detect and
estimate small challenging differences may have affected the vari-
ance in participants’ estimations. It is possible that using larger
linear and angular values for differences between virtual mecha-
nisms could reduce variation in responses for one or both of the
treatments.
However, very large differences could be so obvious that any
treatment would not make any difference. A future study on hap-
tic perception of linear and angular values under different treat-
ments could be designed so that it would determine whether there
is a range of values where a particular treatment makes a signifi-
cant difference in a particular setup.
Combination of Differences Between Designs. The large
variance in participants’ responses in both treatment groups could
be attributed to participant difficulty in distinguishing multiple
component differences. In evaluating the two designs, a partici-
pant could sense only the absolute distance between different lo-
cations of the virtual mechanisms and feel the difference in the arc
of motion of each mechanism. There was an additional challenge
for the participant to divide these absolute sensations about the
differences in location into X, Y, Z components in order to answer
the questionnaire. Also, it appeared that for many participants it
was difficult to describe the difference between the two arcs of
motion in terms of angle and radius simultaneously. This addi-
tional complexity could have affected the variance in participants’
performance in both treatment groups.
Time Required to Switch Between Alternative Designs.
Several participants acknowledged that the switching time be-
tween alternative designs affected their performance. It could be
one more factor that affected variance in both groups. Due to
software design, the activation of a new mechanism design re-
quired closure of the previous file and opening of a new file, and
establishing the appropriate position of the new virtual mecha-
nism. The researcher was able to switch files very quickly
~switching time varied somewhere between 10 and 15 s!. How-
ever, sometimes this was long enough for participants to start
doubting if they could remember the original design properties
and whether they were ready to make a comparison.
It is likely that different people have slightly different abilities
to remember mechanical and physical sensations. If a participant
barely remembered the sensation about the original design and
was asked to answer the questionnaire about differences between
the two alternative designs, it is possible that he/she wrote down
very rough guesses.
Head Position Tracking and Stereo Visualization. The vi-
sual display of the mechanism was provided for participants dur-
ing the study to help them find the location of the virtual mecha-
nism with the PHANToM™’s pen. The head position tracking
was not provided for the participants, nor did they have a stereo
display. The study was specifically designed without stereo view-
ing and head tracking in order to investigate how the PHANToM
could be used in a desktop, nonimmersive environment. The study
setup and application were similar to the most common arrange-
ments for haptic devices being investigated by industry and devel-
opment companies today. Most of the applications that currently
explore haptic device utilization assume the user is in a sitting
position without any additional support for the operating hand.
The visual display is assumed to be located in front of the user
and the interface to the haptic device is a pen-like device. Thus
the general setup for the experiment was designed to correspond
to the most common practices. The participants’ confusion be-
tween the mechanical sensation of the virtual mechanism and the
visual perception of the same virtual mechanism may have caused
the increase in the variation in participants’ responses in both
groups.
The range of the mechanism’s motion on the display may have
appeared to a participant to be smaller than the actual range of
motion provided by the PHANToM™ interface. It depended on
the location of the virtual point of view and the location of the
virtual mechanism that were established by the researcher and had
nothing to do with the head position of the participant.
The head tracking would provide a person with a user centered
point of view and additional visual information about the size and
range of motion of the virtual mechanism to be evaluated. The 3D
stereo sensation would help a person to clarify the location of the
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virtual mechanism in 3D, which is essential information if a per-
son is asked to answer questions related to distances.
Conclusions
This study was designed to evaluate how a haptic device affects
the ability of a person to make design decisions based on virtual
prototypes. Ninety-two people participated in the study and were
asked to determine location and motion differences between pairs
of parking brake designs presented in a virtual environment.
The major findings from this study are:
1 The group that used the haptic treatment took significantly
less time to evaluate the virtual prototypes than the group
with the nonhaptic treatment.
2 A significant majority of participants preferred the haptic in-
terface for tasks related to design evaluation.
3 There were no significant differences in the percentage cor-
rect answers found between the haptic and nonhaptic groups.
Other findings include:
1 The nonhaptic group estimated differences in design changes
in the up direction significantly better ~more accurately! than
the haptic group.
2 The haptic group estimated differences in design changes in
the forward–rearward direction significantly better ~more ac-
curately! than the nonhaptic group.
3 In more cases there was a significantly smaller variance ~bet-
ter precision! in the estimations of the haptic group than the
nonhaptic group.
The time measurements revealed the clearest difference be-
tween the two treatments. Data about time from all four trials,
combined and separate, as well as data about the time required for
individual design evaluations showed that participants using the
haptic treatment required significantly less time for design evalu-
ation than participants using the nonhaptic treatment. In addition,
participants from the haptic group required significantly less time
to produce similar or often more precise results than participants
from the nonhaptic group.
Another distinct finding of the study was the comparison of
participants’ treatment preference. People responded to eight
questions about design evaluation by selecting their preferred
treatment. The result of the survey showed that a significant ma-
jority of participants preferred the haptic treatment.
The contrast between participants’ preference for the use of a
haptic device and their actual performance reflected in the per-
centage correct answers, accuracy of estimations, and precision of
estimation, indicates that participants were willing to support the
new technology even though, in many cases, their performance
was not improved by the haptic treatment. This contrast between
preference and performance, as well as side observations of the
study, suggest that future investigation in the area of haptic sen-
sation and virtual prototyping is needed.
Recommendations for Future Work
The results of this research defined several significant differ-
ences between haptic and nonhaptic treatments which lead to new
areas for future investigation. Potential areas of future work
include:
1 Investigate the addition of head tracked stereo viewing to the
virtual environment.
2 Investigate the sensitivity ranges for various human arm
joints ~motion pivots! where haptic sensation may play a signifi-
cant role as an information source in evaluation of linear param-
eters of virtual geometry.
3 Use a six degree of freedom haptic device in order to evalu-
ate how the addition of restrictions in rotations around each axis
affects acquisition of information about virtual geometry.
4 Reduce or eliminate the time required to switch between al-
ternative designs. If possible, both designs should be displayed, so
participants can work with either design at any time.
5 Randomize the sequence of trials to allow consideration of
the learning effect.
Future studies should incorporate the findings of this research and
further investigate the use of haptic devices for virtual prototype
evaluations.
Overall, the study showed that haptic sensation is a natural
feeling that is well liked by the users when it is integrated with
computer applications. Even though the haptic group’s percentage
correct answers in detecting design differences, and accuracy in
estimation of design differences was not better than the nonhaptic
group’s performance, the haptic group completed the tasks in sig-
nificantly less time, and often with better precision.
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